The annealing-induced phase transformation was investigated in coarse-grained and severely deformed nanocrystalline face-centered cubic (FCC) high entropy alloys (HEA). Increasing temperature leads to phase transformations from the FCC phase to an L1 2 phase and finally to a B2 phase in the coarse-grained HEA. By contrast, direct transformation from the FCC phase to the B2 phase was observed in the nanocrystalline HEA at a lower temperature.
Introduction
High entropy alloys (HEAs) are multi-component materials consisting of five or more principal elements with each elemental concentration between 5 at. % and 35 at. % [1] . Exhibiting a high mixing entropy, an HEA predominantly tends to form a simple solid solution with a face-centered cubic (FCC) phase, a body-centered cubic (BCC) phase or a mixture of the two phases rather than more complex intermetallic compounds [2] . HEAs are promising candidates for many structural applications due to their unusual properties, including high strength at ambient and elevated temperatures, reasonable ductility, excellent thermal stability and excellent resistance to oxidation [2] [3] [4] [5] [6] [7] . These excellent properties are closely related to the structure and microstructure of HEAs that can be manipulated through various methods including heat treatments. Therefore, microstructural evolution and phase transformations induced by heat treatments in coarse-grained (CG, ≥1 m) HEAs have been extensively investigated [8] [9] [10] [11] [12] [13] .
Refining grain sizes to the ultrafine (< 1 m) and nanometer (< 100 nm) scales may lead to superior materials properties including a combination of high strength and reasonably good ductility [14, 15] . Severe plastic deformation (SPD) techniques including high-pressure torsion (HPT) have been widely used to produce ultrafine-grained (UFG) and nanocrystalline (nc) structures [16, 17] . It was reported that the grain size plays a significant role in affecting the phases and the phase transformations of these materials [18] [19] [20] . For example, a CG BCC
Ti-36Nb-2.2Ta-3.7Zr-0.3O alloy transformed to a hexagonal phase when it was deformed by HPT under a pressure of 3 GPa at room temperature. However, a reverse phase transformation from a hexagonal phase to a BCC phase occurred under the same deformation conditions when the grain sizes were less than 100 nm [18] . While a CG CoCrFeMnNi HEA with an FCC structure exhibits excellent high-temperature stability [21] [22] [23] [24] , the same alloy with an average grain size of ~50 nm produced by HPT would decompose at 723 K into three phases [5] . In an earlier report [25] , it was shown that annealing of an HPT HEA with a composition of Al 0.3 CoCrFeNi at 673 K for 1 h led to the formation of an ordered BCC secondary phase, which strengthens the material.
However, the formation pathway of the secondary phase was not clearly defined and also it was not determined whether the grain size of the material affects the formation pathway. Accordingly, the present investigation was designed to compare the phase transformation processes of the HEA with CG and nc structures. The results show that a reduction in grain size to the nanometer scale significantly affects its heat treatment-induced phase transformation pathway.
Experimental procedures
An Al 0.3 CoCrFeNi HEA ingot was prepared by vacuum induction melting of the constituent elements having at least 99.9 wt.% purity. The alloy was melted five times to improve its chemical homogeneity. The as-cast alloy was machined into discs with a diameter of 10 mm and a thickness of ~0.8 mm for HPT processing. The processing was performed at room temperature using a quasi-constrained HPT facility [26] under
an applied pressure of 6.0 GPa and a rotation rate of 1 rpm for 8 revolutions.
Specimens with a diameter of 3 mm were cut from the edges of HPT discs for further investigation. Thermal analyses was performed using a NETZSCH 
Results
Reducing the grain size from the micrometer to the nanometer scale leads to distinct differences in the DSC curves, as shown in Fig. 1 . For the CG HEA, there is a small exothermic reaction starting from 600 K and with a peak at 639 K, followed by no significant change in heat flow over a broad temperature range. For the nc HEA, there is The lattice constant measured from the SAED pattern is ~ 0.36 nm which is consistent with an earlier report of ~ 0.359 nm obtained from X-ray diffraction (XRD) [3] . Figure   2b shows a typical SAED pattern along the same direction from a sample annealed at 639 K. The appearance of {100} additional weak diffraction spots indicates the formation of an L1 2 ordered structure [8, 9] . A typical high-resolution TEM (HRTEM) image ( reveals Moiré fringes with spacing of ~ 1.7 nm in the vicinity of the grain boundaries.
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The FFT pattern in Fig. 5b , taken from the area marked by the white square in Fig. 5a , presents two sets of reciprocal space lattices that are indexed as a <011> FCC 
Discussion
For the CG HEA, an annealing-induced phase transformation occurs through the following sequence: the supersaturated FCC phase  the L1 2 phase  the B2 phase.
Increasing the annealing temperature involves in part a decomposition of the supersaturated solid solution which commences with the formation of the L1 2 phase. At higher temperatures, the L1 2 phase is replaced by the formation of the B2 phase. For the nc HEA, the annealing-induced phase transformation does not include the formation of the L1 2 phase and the formation of the B2 phase occurs directly from the supersaturated FCC phase at a lower temperature compared with the CG HEA. It is worth noting that the FCC phase is still available in both CG and nc HEA after annealing.
The difference in the phase transformation pathway may be correlated with the phase formation mechanism. The formation of the L1 2 phase in a CG FCC-based HEA effectively reduces the lattice distortion caused by the atomic size difference among the
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
10 constituent elements [9] since the CG HEA reported here comprises five elements with different atomic radii (Al, 0.143 nm; Co, 0.128 nm; Cr, 0.130 nm; Fe, 0.128 nm; and Ni, 0.128 nm) [28] . The formation of the L1 2 phase, which started from a short-range elemental rearrangement [29] followed by some long-range elemental diffusion that leads to the formation of the B2 phase, is kinetically more favorable at relatively low annealing temperatures than the formation of the B2 phase.
The ordering in the FCC phase originates from the selective occupation of Al to form an M 3 Al-type L1 2 phase where M denotes the mixture of multicomponents in the HEA by randomly substituting Ni atoms in the typical L1 2 compound Ni 3 Al [9] . The lowest mixing enthalpy of Al-Ni among all the atomic pairs in the HEA provides a thermodynamic driving force for the formations of phases rich in Al and Ni atoms. In addition, the oversized substitutional element of Al imposes strain in its vicinity and introduces additional stress energy. Therefore, Al segregation from the FCC matrix minimizes the system free energy. Because the formation of the B2 phase requires significant long-distance atomic diffusion and because HEAs usually possess a sluggish diffusion effect [22] , the formation of the B2 phase in the CG HEA occurs only at elevated temperatures when the kinetic condition is fulfilled. By contrast, the large grain boundary volume fraction in the nc HEA provides a pathway for rapid long-distance elemental diffusion along grain boundaries even at relatively low temperatures, as reported in Ref. [5] . This allows the direct formation of the B2 phase at or near grain boundaries at a relatively low temperature that would allow only relatively short-distance diffusion for the L1 2 formation in CG HEAs. Thus, at temperatures that A C C E P T E D M A N U S C R I P T kinetically allow short-distance diffusion for the formation of the L1 2 phase in CG HEAs, long-distance diffusion occurs already through the grain boundaries and this permits the formation of the B2 phase without introducing the L1 2 phase. Finally, although the density of vacancies in severely deformed materials is very high, this will not affect the phase transformation in the nc HEA as the annealing temperature of 593 K is sufficiently high that non-equilibrium vacancies are annihilated.
Conclusions
The annealing-induced phase transformation processes are different in the CG and nc HEA. This is due to the difference in elemental diffusivity in CG and nc materials.
The grain boundaries in the nc HEA provide a pathway for rapid elemental diffusion that allows the formation of a high-temperature stable B2 phase at a relatively low temperature and therefore suppresses the formation of the L1 2 phase.
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